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Proteins within animal and bacterial cells vary widely in their rates of degradation (1) (2) (3) (4) . There is appreciable evidence that the rates of degradation of proteins are determined to a large extent by their conformation (reviewed in ref. 5 ). For example, proteins with altered conformations resulting from genetic mutations (6) (7) (8) (9) (10) (11) (12) , incorporation of amino-acid analogs (13, 14) , or errors in protein synthesis (14) tend to be degraded much faster than their normal counterparts. Similarly the binding of substrates, coenzymes, or other ligands to polypeptides can both alter a protein's conformation and affect its degradative rate (15) (16) (17) (18) (19) (20) (21) (22) . The precise structural features of a protein that influence its halflife under normal conditions are not known. In a wide variety of tissues and organisms, proteins of large molecular weight are degraded more rapidly on the average than are small proteins (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . However, this relationship between polypeptide size and degradative rate is only a general tendency, and many exceptions to this correlation exist (34) .
In an attempt to find other features of protein structure which might be related to rates of catabolism, we have compared degradative rates of different protein fractions after separation by isoelectric focusing. We now report that in several mammalian tissues acidic proteins are degraded faster on the average than neutral or basic ones.
MATERIALS AND METHODS
Isotope Incorporation and Preparation of Proteins. Relative degradative rates of soluble proteins were compared by the double-isotope technique first described by Arias et al. (35) . In a typical experiment, male rats (Charles River) weighing 
3893
were killed and the liver, kidneys, thigh muscles, and cerebral hemispheres were removed, weighed, and placed on ice. Two volumes (v/w) of ice-cold 25 mM KCI were added, and tissues were homogenized as described previously (25) . After centrifugation at 10,000 X g for 10 min and 100,000 X g for 1 hr, the proteins of the supernatant were dialyzed overnight against 25 mM KC1 to remove free amino acids prior to electrofocusing. Radioactive proteins from Escherichia coli (14) were prepared as described earlier (26) .
Isoelectric Focusing and Counting of Radioactivity. Isoelectric focusing was performed at 2°in a 110 ml capacity LKB 8100 Ampholine column (LKB-Produkter, Bromma, Sweden). Ampholytes were purchased from LKB (Ampholines), and the pH gradient (3.5-10) was established with 1% Ampholines in a 0-1.4 M continuous sucrose gradient. The sample (20-100 mg of protein) was added to the dense sucrose solution. The starting voltage was 300 V but was increased to 500 V as the amperage fell. The experiment was stopped when the current through the column reached a constant minimum value (30-48 hr) . Fractions (1-2 ml) were collected and their pH was measured. The proteins were then precipitated by addition of 50% trichloroacetic acid to give a final concentration of 10%, and the precipitate was washed once with 5% trichloroacetic acid and once with ethanol:ether (1:1). The samples were solubilized and prepared for liquid scintillation counting as described previously (36) . Correlation coefficients between the isoelectric point and 3H/14C ratio of protein fractions were calculated in the standard way (37) .
Literature Survey. Published data on protein half-lives, isoelectric points, and subunit molecular weights were chosen according to criteria listed in an earlier publication (34) . Product moment correlation coefficients were calculated (37) (5, 24, 35, 39) . Fig. 1 shows the elution pattern of double-labeled soluble proteins from rat liver after isoelectric focusing. The amount of protein in the different fractions was measured after dialysis for 72 hr to remove ampholytes. Approximately 55% of the soluble proteins measured by the method of Lowry et al. (40) or by absorbance at 280 nm have isoelectric points less than 7. However, 75% of the 3H radioactivity resided in these acidic fractions. One possible explanation for the higher specific activity of the acidic proteins is that they turn over more rapidly and thus are more extensively labeled by the injection of isotope than the basic ones (pI > 7).
The 3H/14C ratios of these protein fractions are plotted against their isoelectric points in Fig. 2 . It is clear that acidic proteins have higher 3H/14C ratios, which indicates that they are degraded more rapidly on the average than are the neutral or basic proteins (P < 0.01). We have found very similar relationships between protein isoelectric points and half-lives in five separate experiments. The broken line in Fig. 2 indicates the results of a control experiment in which an animal received [14C]leucine and [3H]leucine simultaneously 4 hr before being killed. Fig. 3 illustrates the results of similar analyses of soluble proteins from rat skeletal muscle, kidney, and brain, and from mouse liver. The elution patterns of proteins from these tissues are not shown. Rat muscle, rat kidney, and mouse liver soluble proteins appeared similar to those from rat liver (Fig. 1) . However, soluble proteins from the cerebral hemispheres contained fewer basic proteins than did the other tissues. In each of these tissues there was a significant correlation between isoelectric point and 3H/14C ratio (P < 0.01 for muscle, kidney, and mouse liver and P = 0.01 for brain). A similar correlation (data not shown) was evident among soluble proteins from the extensor digitorum longus muscle in mice. Thus, in a variety of tissues, the degradative rates and isoelectric points of proteins seem to be related.
Control Experiments. We performed a number of experiments to eliminate possible experimental artifacts which might lead to an apparent correlation between isoelectric -points and half-lives. (a) Acidic proteins also appeared to be Table 1 The rationale for selecting these values from the literature is given elsewhere (34) . The numbers in parentheses indicate the appropriate references. An asterisk (*) denotes the values determined for the protein from a mammalian liver other than the rat. A dagger (t) signifies that the value was obtained from mammalian tissues other than the liver. Unfortunately, space limitations do not permit us to acknowledge all original papers here. Many specific references are cited in a previous manuscript (34 Fig. 4 ).
There is a highly significant correlation between isoelectric point and degradative rate for these proteins (i = 0.824; P < 0.01) in confirmation of the double-isotope studies.
The half-lives of the proteins listed in Table 1 are also related to the logarithm of their subunit molecular weight (f = -0.587; P < 0.01), in line with previous studies (34) . By calculation of partial correlation coefficients, it was possible to test statistically whether the influence of molecular weight on degradative rates can explain the observed relationship between half-life and isoelectric points or vice versa (37) .
When the contribution of molecular weight was held constant in this way, a highly significant correlation remained between isoelectric point and half-life (f = 0.780; P < 0.01). Conversely, the partial correlation coefficient between the log of subunit size and degradative rate remained significant (? -0.449; P < 0.05) when the isoelectric points were held constant. Furthermore, protein isoelectric point and subunit molecular weight are not related for these 22 proteins when half-lives are held constant (r = 0.107; P = not significant). Therefore, neither correlation can be explained by the other. In addition, recent experiments using the double-label approach also support the conclusion that protein size and isoelectric point are separable factors influencing rates of degradation (Dice and Goldberg, in preparation).
DISCUSSION
The present experiments indicate that in several mammalian tissues proteins with acidic isoelectric points tend to be degraded more rapidly than those with neutral or basic isoelectric points. This result was confirmed by statistical analysis of 22 proteins from rat liver whose degradative rates and isoelectric points had been previously reported. Our recent experiments also indicate more rapid degradation of the acidic proteins in rat serum and in skeletal muscle of both normal mice and mice with genetic muscular dystrophy. It is important to test whether this correlation also holds for proteins in non-mammalian and prokaryotic cells and for proteins in rat liver that are associated with membranes and cell organelles. It is interesting that the basic ribosomal proteins are degraded more slowly than average soluble proteins, and the very basic histones turn over slowly, if at all, in liver (Dice and Goldberg, in preparation).
There are many possible explanations why acidic proteins may turn over more rapidly than neutral or basic ones. On one hand, this correlation may reflect special chemical properties of the acidic or basic polypeptides:
(1) The simplest explanation for the diversity of half-lives among intracellular proteins is that they reflect differences in the inherent sensitivity of proteins to the cell's proteolytic enzymes (5, 25, (47) (48) (49) . In both animal and bacterial cells, the catabolic rates of proteins correlate well with their relative sensitivities to a variety of proteases in vitro. For exaniple, the more rapid degradation of large polypeptides may be explained by the finding that the larger proteins are on the average more susceptible to hydrolysis by trypsin or Pronase in vitro than smaller ones (25) . The present findings could be explained if the acidic proteins also tend to be inherently more sensitive to proteolytic attack than neutral or basic ones. Unfortunately, this possibility has been difficult to examine definitively, because some proteins appear to be denatured by the electrofocusing process (Dice and Goldberg, unpublished).
(2) It is also plausible that the native conformations of the acidic polypeptides are inherently less stable. These proteins may be more susceptible to spontaneous denaturation, which may represent the rate-limiting step in protein degradation (5, 50, 51) . Further information comparing the chemical properties of the acidic, neutral, and basic proteins may thus help elucidate the basis for this correlation.
On the other hand, the correlation between isoelectric point and degradative rate may reflect properties of the intracellular proteolytic mechanism(s) responsible for protein catabolism.
(1) The crucial protease(s) may preferentially hydrolyze polypeptides at acidic residues or may preferentially bind to proteins of a certain charge. Thus far, intracellular proteases specific for acidic residues have not been described. The proteins with acidic isoelectric points will be least charged if protein degradation occurs in the acidic environment of the Table 1. lysosomes, but will be most negatively charged if it takes place at the neutral pH of the cytoplasm.
(2) It is also possible that acidic proteins preferentially accumulate in regions of the cell where the degradative enzymes are localized. For instance acidic proteins may be taken up by lysosomes more rapidly, or once inside such organelles, they may be released more slowly (52) 
